graded-index separate-confinement heterostructure lasers with lateral mode confinement are realized by one time metalorganic chemical vapor deposition with silicon dioxide stripes as selective masks and current blocking layers. The effect of the active region width on lasing characteristics is investigated. The threshold current and external quantum efficiency are around 12 mA and 70%, respectively, for narrow lasers. Elevated waveguide structure formed by the growth-rate difference between ( 100) and sidewall planes was effective for stable lateral mode characteristics.
A simple and reproducible manufacturing process is desirable for semiconductor lasers as well as reasonable device performances. Among conventional lateral mode controlled semiconductor lasers, a buried heterostructure (BH) laser and ridge waveguide laser are the most typical ones. The BH laser is better in performance but a second growth is necessary for current blocking structures. The ridge-waveguide laser needs only one time metalorganic chemical vapor deposition (MOCVD) growth but precise etching depth control is necessary to ensure stable lateral mode operation.
Recently, low threshold BN lasers were realized by one time MOCVD growth on a corrugated substrate, which employs the offset pnpn junction for the current blocking structure. '9' Our approach is to use dielectric thin films for current blocking layers for a less critical growth condition and sample preparation. Figure 1 shows the aluminum content of the epitaxial layers (on the left-hand side of the figure), schematic drawing (on the middle of the figure), and cross-sectional secondary electron microscope image (on the right-hand side of the figure) of the selectively grown quantum well (QW) laser. A silicon dioxide film of 50 nm in thickness is formed by radio-frequency sputtering on a ( 100) Si-doped horizontal Bridgmann GaAs substrate with 2" off toward [Oil] . Pairs of 10 ,um wide' silicon dioxide stripes are formed along the [O-l l] direction with the spacing of 2 to 6 pm by photolithography and wet etching. This spacing determines the stripe width of the selective growth laser. Each pair of silicon dioxide stripes is placed with a period of 300 pm. The area of the silicon dioxide is restricted to less than 10% of the total area to keep the growth rate similar to the uniform sample. Wet etching with buffered HF turned out to be better at removing the silicon dioxide than reactive ion etching (RIE) which causes contamination or damage of the substrate and results in oval defects along the selectively grown area. N-AlGaAs ( 1 ym, x=0.44), undoped graded-index (GRIN) AlGaAs (0.1 pm, x= 0.44-0.22)) QW ( 10 nm), undoped GRIN (0.1 pm, x=0.22-0.44), p-type AlGaAs cladding ( 1 ,um), and p-type GaAs layers are formed by MOCVD at 730 "C and 0.1 atmospheric pressure. Trimethylaluminum and triethylgallium are used for the HI element material, dimethyl zinc and hydrogen selenide .are used for dopants. The V/III ratio is 200. Parabolic aluminum concentration profile is employed for the GRIN region as is illustrated in the figure. The doping concentration is 1 X lo'* cm-s for both n-and p-type cladding until 0.1 ,um outside of the GRIN region and it is reduced linearly to 1 X lOI cmZ3 at the edge of the GRIN region.
Because the growth rate is 1.5 times faster on the ( 100) plane than on the high order sidewall planes, epitaxial layers are stacked trapezoidally as is seen in the scanning electron microscope (SEM) picture. As a result, an elevated waveguide with very effective lateral mode confinement is realized by a single selective growth. The flat part of the active layer is narrower than the interstripe spacing by about 1 ,um. QW is thinner at the slope region than at the flat region, which produces a band gap difference and it is effective for confining the carrier at the flat part of the QW. Actually, the luminescence is barely observed from the slope outside of the flat region below the threshold current. In contrast, the extent of the luminescent region spreads out much farther in the ridge waveguide laser with no lateral carrier confinement structure.
The selective growth layers are bounded with polycrystal AlGaAs on silicon dioxide. The polycrystal is semiinsulating and device isolation is already satisfied.3 It helps to flatten the growth layer. The effect of carrier recombination at the boundary of the polycrystal should be small because of the aforementiond carrier confinement mecha-LaYr Lcnglh = 445 pm t"ts'-slricx sprcmg -26 Pm Adive Layerwidth -I.7 pm ilh.md il L 35.4% wnp,s end) (a) 1.7~2.6)pm @)2.6(3.6)ym @)3.5(4.4)pm a, = Z&Z0 nism. The no-growth condition of AlGaAs becomes critical in the case of higher Al concentration, Zn doping, and a higher growth temperature where the difference of the chemical reactivity between the SiO, mask and epitaxial layers becomes small,4 moreover, it is not very reproducible depending on a slight change of the surface condition such as plasma exposure or the way of cleaning. Therefore, we have chosen a high V/III ratio and medium temperature growth condition for better crystalline quality and surface morphology than to pursuing the no-growth condition on silicon oxide layers.5 After the epitaxial growth, the surface is covered with silicon nitride by thermal chemical vapor deposition, and stripe windows 4 pm wide are opened by RIE dry etching, and Au( 300 nm)/Mo( 50 nm)/AuBe( 100 nm) p-electrode is evaporated. Figure 2 shows the current-light output characteristics of the selectively grown lasers with an interstripe spacing of 2.6 ,um (a) and 5.3 pm (d) taken from a single cleaved bar. The laser length is 445 pm. The averaged threshold current and external quantum efficiency are 11.7 mA and 71% for the spacing of 2.6 ,um, and 15 mA and 76% for the spacing of 5.3 pm. Figure 3 shows the averaged threshold current density against cavity loss with different interstripe spacing. The typical threshold density for a 1 mm long laser is 400 A/cm'. The threshold current density and its slope are smaller at wider spacing. The internal quantum efficiency and waveguide loss are estimated from the relation between the external quantum efficiency and laser length.6 They are approximately 75% and 3.3 cm-' for 2.6 pm spacing and 83% and 3.6 cm-' for 5.3 pm spacing. We also found that the intensity of the spontaneous emission below the threshold is weaker in narrower stripes by 20% and that it is linear with injection current. Low internal quantum efficiency and weak spontaneous emission intensity in the smaller interstripe spacing indicate that the leakage current and nonradiative recombination rate are larger in the narrower laser where the ratio of the bent part against the flat part of the QW is large and the boundary with the polycrystal is relatively close. Figure 4 shows the far-field pattern of the selectively grown lasers at the output power of 3 mW with the flat part of the active layer width of 1.7 pm (a), 2,6 ,um (b), 3.5pm (c), 4.5,um (d), and 5.6pm (e) measured by a f-0 lends system (Hamamatsu A3267). Interstripe spacing is written in the parentheses. The transverse beam divergence is about 34" for all the active layer widths. Lateral mode is fundamental up to 3.5 pm (c). In the case of 1.7 pm (a), transverse mode was fundamental at the output of 30 mW with the operational current of 70 mA which is six times that of the threshold current. The horizontal beam divergence is 26.2", 18.2", and 14.7", respectively, which decreases with the increase of the stripe width. The lateral mode becomes unstable at 4.5 pm (d), i.'e., higher order mode emerges at an increased output in some lasers. The higher order mode (second order) appears~ from low output power at 5.6 pm (e). It is quite feasible for this selectively grown laser to control the lateral mode characteristics; because preparation of the interstripe spacing around 2 to 3 pm is quite easy. A nearly circular far-field pattern should be available with a narrower stripe width at around 1 pm. For narrower stripes, stripe direction along [Ol l] instead of [O-l l] is suitable because of the difference in the cross-sectional shape.5*7 The flat part of the active layer is narrower in the case of the [Ol l] direction because the lateral growth rate at the ( 111) B sidewall plane is smaller than the higher order sidewall plane along the [0-1 l] direction.
In conclusion, a graded-index separate-confinement heterostructure (GRIN-SCH) laser6 with lateral mode confinement is realized by one time MOCVD with silicon dioxide stripes as selective masks and current blocking layers. The threshold current is 12 mA and external quantum efficiency is 70%. Lasing characteristics are investigated with various interstripe spacing. The threshold current decreases with stripe width, while threshold current density increases. This indicates that carrier confinement is not complete. The stable fundamental lateral mode is obtained at the interstripe spacings narrower than 4.4 pm. This selective growth laser is easy to fabricate and its lateral mode is stable. Therefore, it should be a feasible choice for practical laser structures. We acknowledge Drs. K. Shimizu and M. Ono of ETL, and Professor H. C. Hsieh of Iowa State University for encouragement for this study. We also thank K. Kodama in our machinery section for technical assistance.
